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Hybrid dielectric and iris-loaded periodic accelerating structure
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One disadvantage of conventional iris-loaded accelerating structures is the high ratio of the peak
surface electric field to the peak axial electric field useful for accelerating a beam. Typically this
ratio Es /Ea>2. The high surface electric field relative to the accelerating gradient may prove to be
a limitation for realizing technologies for very high gradient accelerators. In this article, we present
a scheme that uses a hybrid dielectric and iris-loaded periodic structure to reduceEs /Ea to near
unity, while the shunt impedance per unit lengthr and the quality factorQ compare favorably with
conventional metallic structures. The analysis based onMAFIA simulations of such structures shows
that we can lower the peak surface electric field close to the accelerating gradient while maintaining
high acceleration efficiency as measured byr /Q. Numerical examples ofX-band hybrid
accelerating structures are given. ©2001 American Institute of Physics.
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I. INTRODUCTION

One of the major challenges confronting future high e
ergy linear accelerators is the development of high grad
accelerating structures. The most commonly studied st
ture is a conventional iris-loaded copper structure repres
ing an evolution from those used at SLAC/SLC to the p
posed NLC and possibly CLIC.1–3 However, in all the iris-
loaded structures, the peak surface electric fieldEs can be an
important constraint in such high energy accelerating str
ture design because it is, in general, found to be a factor
larger than the axial acceleration fieldEa .1–4 Because the
peak surface electric field causes breakdown of the struc
it represents a direct limitation on the maximum accelerat
gradient that can be obtained. If the peak surface elec
field exceeds the breakdown limit at the operating frequen
it can cause damage to the irises through arcing and de
the structure. Thus, the high ratio ofEs to Ea limits the
achievable accelerating gradient, assuming the availabilit
high power rf sources is not a constraint here. In this arti
we propose a hybrid dielectric and iris-loaded accelera
structure that has a lower ratio ofEs to Ea , and comparable
shunt impedance per unit lengthr and r /Q with a conven-
tional iris-loaded accelerating structure. Using this dev
Es /Ea can be reduced to about 1, while maintaining reas
ably good acceleration efficiency as measured byr andr /Q.
The upper limit of the accelerating gradient can be increa
depending on the dielectric breakdown properties at h
fields.

The use of uniform dielectric-lined circular waveguid
as accelerating structures has been discussed in many p
ous studies.5–8 One distinct advantage is that the axial acc
erating electric field is the maximum field in this class

a!Electronic mail: wg@hep.anl.gov
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structure. The acceleration mode used here is the TM01. The
group velocity is typically less than 10% of the speed
light. Such small group velocities can be obtained by the
of high dielectric constant ceramics which, however, ha
the drawback of an enhanced peak surface magnetic
which results in more power dissipation on the wall. T
result is that the quality factorQ of a dielectric-lined wave-
guide is degraded compared to an iris-loaded structure w
the same group velocity.

Based on these observations we might consider a hy
dielectric and iris-loaded structure in order to produce a
vice which balances highQ and reduced surface fields. Th
device is shown in Fig. 1. Calculations of the properties o
hybrid traveling-wave acceleration structure at 11.4 GHz a
function of iris size and permittivity of the loading dielectr
are performed. We show that it is indeed possible to sign
cantly reduce the ratio of the peak surface electric field to
accelerating field gradient without diminishing to any gre
extent the shunt impedance per unit lengthr and r /Q.

II. NUMERICAL METHOD

One way to study traveling-wave structures is to us
numerical code such asSUPERFISH9 or MAFIA .10 These codes
provide accurate fields and other electromagnetic prope
of a standing wave structure. Loewet al.11 showed that by
using rf properties of standing-wave structures, one co
obtain rf properties of the corresponding traveling-wa
structures. This conversion will be briefly outlined in th
following.

Consider a periodic structure as shown in Fig. 1. It
well known that the axial electric fieldEz of the TM01 mode
in the traveling-wave periodic structures can be expresse
7 © 2001 American Institute of Physics
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Ez,TW5 (
n52`

n51`

an~r !ej (vt2bnz), ~1!

wherean is the amplitude of the space harmonic of indexn

bnz5b0z1
2pnz

d
, ~2!

wherebn is the propagation constant of the space harmo
of index n, and d is the spatial period~the length of one
cell!. The propagation constant of such a TM01 wave is the
same asb0 .

With Neumann boundary conditions (Et50) applied at
z50 andz5l ~wherel52p/b0!, the axial electric fields of
the standing waves can be expressed as

Ez,SW5ej vt (
n52`

n51`

2an cosbnz. ~3!

The factor of 2 comes from the summation of two traveli
waves of amplitudean . This equation takes the same for
for the other field components.

Using MAFIA , one can calculate resonant frequenci
stored energies, and power dissipation of resonant mode
an array of cavities. The standing-wave field compone
output by the code can be analyzed as follows to obtain
traveling-wave components.

If two traveling waves of the proper phase can add up
a standing wave@Eq. ~3!#, there must conversely be two ap
propriately phased standing waves that add up to a trave
wave. Assuming the first standing wave isAW , and the second
standing waveBW is obtained by shiftingAW to the left byd,
then

BW 5ej vt(
2`

1`

2an cosbn~z1d!, AW 5ej vt(
2`

1`

2an cosbnz.

~4!

Both of these standing waves are made up of one trave
wave going left and one going right. It is possible to a
them with the proper phases to have the traveling wa

FIG. 1. Schematic drawing of a hybrid dielectric iris-loaded accelera
structure. The function of the dielectric is to reduce the surface electric
on the iris relative to the axial accelerating field. In the figure, region
vacuum; region II is ceramic with dielectric constant«; region III is copper.
a is the iris radius,b is the outer radius, andh is the beam hole radius.t is
the thickness of the iris andd is the length of one cell. In this article, we us
a to denote the iris radius for both hybrid dielectric iris-loaded structu
and pure iris-loaded structures.
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going left canceled and those going right reinforced and t
obtain the traveling-wave field component in the structu
This can be achieved by multiplyingAW by ej (b0d2p/2) andBW

by ej p/2, and adding them up. Then we have

BW ej p/21AW ej (b0d2p/2)52 sinb0d(
2`

1`

anej (vt2bnz). ~5!

The amplitude and phase of the field components of trave
waves can be obtained by the following equations:

uTWu25
A21B222AB cosb0d

4 sin2 b0d
,

~6!

tanu~z!5
B2A cosb0d

A sinb0d
,

whereA andB are amplitudes of the standing waves that a
functions ofz.

The group velocity of a traveling wave can be calculat
from the energy velocityvg5P/U,12 where P is the time
average power flow in such structure, andU is the time
average of the stored energy per unit length. The shunt
pedance per unit lengthr of a traveling-wave acceleratin

g
ld

s

FIG. 2. Electric field pattern of the 2p/3 mode in an iris-loaded acceleratin
structure. The iris radiusa55.6 mm, the iris thicknesst51.0 mm, and outer
radiusb511.1254 mm. HereEs /Ea52.4.

FIG. 3. Electric field pattern of 2p/3 mode in a hybrid dielectric iris-loaded
accelerating structure. The«56, a54.0 mm, b55.361 mm, and the beam
hole radiush52.0 mm.Es /Ea51.01.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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structure, which measures the effectiveness of producing
accelerating gradient for a given power dissipated, is defi
by13

r 5
Ea

2

2dP/dz
5

Ea
2Qvg

vP
5

Ea
2Q

vU
, ~7!

whereEa is the accelerating field gradient, and2dP/dz is
the resistive power dissipation per unit length in the walls
the structure. For traveling-wave structures,Ea is the peak
axial electric field. Since we already have the field solutio
of the resonator it is easier to obtainr from the effective
shunt impedance per unit length of such standing-w
structurer SW. The relation betweenr and r SW is expressed
as simply asr 52r SW.

One can also user /Q5Ea
2/vU to measure the efficienc

of acceleration per unit stored energy at a given frequenc
is useful because it is a function only of the cavity geome
and is independent of the surface properties that determ
the power losses.

III. NUMERICAL RESULTS

In this article, we specialize our investigation to consid
only the 2p/3 mode of the propagated wave, whose wa
length l is equal to the total length of three cells when t
phase velocity is the speed of light as required for the ac
eration of ultrarelativistic particles. First, we calculated
resonator with three cells~with Neumann boundariesEt50
at z50 andz5l! usingMAFIA . The field solutions and mes
coordinates were output to ASCII data files. A postprocess

FIG. 4. Amplitude and phase plot ofEz at r 50 in a hybrid dielectric
iris-loaded traveling-wave structure. The geometric parameters of this s
ture are given in Fig. 3.
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program was written to extract the field solutions and me
information of the standing-wave solution, and then carry
the conversion from standing-wave solutions to travelin
wave solutions using the method outlined in Sec. II.

Figures 2 and 3 show theMAFIA simulation results for
the electric field pattern of the 2p/3 mode in a pure iris-
loaded structure and a hybrid dielectric iris-loaded structu
respectively. Because of the axial symmetry, only the up
half part of the longitudinal cross section is plotted.

The conversion of standing waves to traveling wav
according to Eq.~6! was carried out. Figure 4 shows th
amplitude and phase of the axial electric field of the result
traveling wave in a hybrid dielectric iris-loaded structu
~with a55.5 mm,b56.923 mm, andh54 mm!. Other field
components can be obtained through a similar procedure

A. Calculation of pure iris-loaded traveling-wave
structures

The corresponding traveling-wave parameters of Fig
structure were calculated and given below in Table I. In
pure iris-loaded structure, the group velocity of the TM01

wave and shunt impedance per unit length are determine

c-

FIG. 5. ~Color! The contour plot and corresponding surface plot show
distribution of electric field amplitudes in a pure iris-loaded traveling-wa
structure. The geometric parameters of this structure are given in Fig.
both contour plot and surface plot, the dark red indicates the strongest
amplitude. We observe that the strongest electric field occurs at the ed
the iris. In this case,Es /Ea is about 2.4.
88
TABLE I. 11.424 GHz pure iris-loaded traveling-wave structure.

a ~mm! b ~mm! t ~mm! d ~mm! Es /Ea r ~MV/m! Q r/Q ~V/m! vg (c)

5.6021 11.1254 1.0 8.7535 2.4 75.6 7251 10 343 0.0
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the radius of the irises. Meanwhile, the outer radius of
cylinder has to be adjusted to maintain the phase velocit
the TM01 wave synchronized with the beam velocityc. Thus,
the iris radius is the governing geometric parameter for th
properties of a pure iris-loaded accelerating structure. For
structure with iris radiusa55.6 mm, resulting in a group
velocity of 0.088c. The shunt impedance per unit lengthr is
75 MV/m, and the quality factorQ is 7251.

The contour plot and surface plot of the distribution
electric field amplitude are shown in Fig. 5. We can eas
identify that the peak surface electric field occurs at the e
of the iris, andEs /Ea is about 2.4.

B. Calculation of hybrid dielectric iris-loaded
traveling-wave structures

Unlike pure iris-loaded structure, the group velocity a
shunt impedance per unit lengthr of acceleration TM01

mode in a hybrid dielectric iris-loaded structure is not on
the function of beam hole radius, but also iris radius a
dielectric constant. For a given group velocity, the outer
dius of the cylinderb is determined to synchronize the pha
velocity with the beam velocity. In this section, we give

FIG. 6. Beam hole radiush vs Es /Ea in a hybrid dielectric iris-loaded
structure. Here«56, and the iris radiusa is fixed as 4.0 mm. The wave
lengthl is equal to the total length of three cells, and is 26.2605 mm. In
calculations, the iris thicknesst is fixed as 1.0 mm. The outer radiusb is
adjusted accordingly to have the phase velocity of the TM01 mode equal
to c.
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self-consistent calculation of hybrid structures with a fix
iris radius and a range of dielectric constant«, and also vary-
ing the beam hole radius.

To illustrate our point, we have chosen«56 as our first
example. Figure 6 showsEs /Ea as the function of beam hole
radius. Its value ranges from 0.8 to 1.5, significantly low
than the pure iris-loaded structure case described in Fig
Figure 7 shows the effect of the beam hole radius on
group velocity of the TM01 mode for the same structure pa
rameters. In order to have a fair comparison for all the
rameters studied here, we have chosen the group veloci
be nearly the same as in the pure iris loaded case. Tab
gives the geometric parameters and rf properties of a hy
structures for two different beam hole sizes. The first ca
with beam hole radius of 4 mm and iris radius of 5.5 m
gives a shunt impedance of 38 MV/m with Q54506. One
could decrease the beam hole to increase the shunt im
ance andQ as shown in the second case of Table II. The ra
Es /Ea51.01 is obtained. For a beam hole radius52 mm and
adjusting the other parameters accordingly, we obtainr
566 MV/m, slightly lower than that of the pure iris-loade
structure listed in Table I. Meanwhile, the quality factorQ
54899 is about 30% lower than the pure iris-loaded case
to the increased surface magnetic fields. However, the ac
eration efficiency measured byr /Q is also improved by 30%
andEs /Ea'1. Figure 8 shows the contour plot and surfa
plot of electric field distribution in the hybrid structure give
in Table II. It shows that the peak surface electric field

ll

FIG. 7. Beam hole radius vs group velocity in a hybrid dielectric iris-load
structure with geometry as in Fig. 6.
9
7

TABLE II. 11.424 GHz hybrid dielectric iris-loaded traveling-wave structure («56,t51.0 mm).

a ~mm! b ~mm! k ~mm! d ~mm! Es /Ea r ~MV/m! Q r/Q ~V/m! vg (c)

5.5 6.923 4.0 8.7535 1.1 38.0 4506.0 8433.2 0.08
4.0 5.361 2.0 8.7535 1.01 66.8 4899.0 13635.4 0.08
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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reduced to the same magnitude as the peak axial ele
field. Therefore, hybrid dielectric iris-loaded structures
duce the peak surface electric field with comparabler /Q to
iris-loaded structures. However, one should notice that
contact between the irises and the dielectric must be as c
as possible. One might expect that if there is a large
existing between a metallic iris and dielectric resulting fro
fabrication, and then the electric fields on the irises could
enhanced. From qualitative analysis, the surface electric
on the iris will go up as the gap increases. Detail study
this effect should be investigated in the future, and ot
engineering issues should also be addressed.

Although we could lower theEs /Ea by introducing di-
electric loading into the structure we have to encounter
other unknown problem: dielectric breakdown under h
frequency rf fields. The dielectric breakdown limit becom
the constraint of the maximum achievable accelerating g
dient instead of the surface breakdown limit of copper
pure iris-loaded structures. Dielectric breakdown at vario
frequencies has been studied in wakefield accelera
experiments,14 and showed no sign of breakdown up to
MV/m at 15 GHz. Besides dielectric breakdown limit, oth
mostly unknown factors, such as Joule heating and vacu
properties of dielectric loaded structures under high rf pow
should also be weighed in to evaluate this type of hyb
dielectric iris-loaded structure. With a recently propos
experiment,15 breakdown phenomena can be explored
50–70 MV/m field strengths, approaching the NLC desir
gradient. Moreover, Joule heating and vacuum proper

FIG. 8. ~Color! Contour and surface plots showing the distribution of ele
tric field amplitude in a hybrid dielectric iris-loaded traveling-wave stru
ture. The parameters of this structure are given in Fig. 3. In both plots
dark red indicates the strongest field amplitude. We can see the stro
electric field on the iris surface is about the same as the axial electric fie
this case:Es /Ea is about 1.01.
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will also be investigated. If dielectrics can maintain the
field magnitudes, then the scheme we analyzed in the ar
would provide an alternate approach that lowers the p
field on the iris by more than a factor of two. This may be
important factor for realizing accelerating structures for ve
high gradient accelerators.

The variation of shunt impedance per unit lengthr , r /Q,
and quality factorQ as the functions of the beam hole radi
are shown in Fig. 9. For a fixed iris radius and dielect

-

e
est
in

FIG. 9. Shunt impedance, normalized shunt impedance, and quality fa
of the hybrid dielectric iris-loaded structure as functions of the beam h
radiush. Device geometry as in Fig. 6.

FIG. 10. Iris radiusa vs vg for 2p/3 mode in a hybrid dielectric iris-loaded
structure, when the beam hole radiush is fixed as 4.0 mm, and the wave
lengthl is 26.2605 mm. Varying the dielectric constant of the loading c
ramics« and iris radiusa, the outer radiusb is adjusted accordingly to have
the phase velocity of TM01 mode synchronized with the speed of lightc.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2022 J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Zou et al.
constant, a smaller beam hole radius is preferred for ach
ing higher acceleration efficiency and less power dissipa
on the wall.

The overall optimization of the parameters is comp
cated because we have to consider three variables:«, a, and
b. Iris thicknesst and the beam hole radius are assum
fixed for the following calculation. The beam hole radius w

FIG. 11. The shunt impedance per unit lengthr of 2p/3 luminal mode in a
hybrid dielectric iris-loaded structure, when the beam hole radiush is fixed
as 4.0 mm, and the wavelengthl is 26.2605 mm.

FIG. 12. The quality factorQ of 2p/3 luminal mode as a function of iris
radiusa and dielectric constant« in the hybrid dielectric iris-loaded struc
ture, when the beam hole radiush is fixed as 4.0 mm, and the wavelengthl
is 26.2605 mm.
Downloaded 04 Nov 2004 to 216.47.136.160. Redistribution subject to AI
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chosen as 0.15l or 4 mm. Figure 10 shows iris radius versu
group velocity for several dielectric constants. The resu
indicate the group velocity is mostly determined by the s
of iris, not «. Figures 11 and 12 showr andQ as a function
of a and«. The high« gives lowerQ. Therefore, the optima
« for this structure is between 4 and 6.

FIG. 13. The ratioEs /Ea of the luminal 2p/3 mode as a function of iris
radiusa and dielectric constant« in the hybrid dielectric iris-loaded struc
ture. All other structure parameters as in previous figures.

FIG. 14. r /Q of the 2p/3 mode as a function of iris radiusa and dielectric
constant« in the hybrid dielectric iris-loaded structures.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The variation of the ratio of the peak surface elect
field to the peak accelerating gradient in these given
amples is shown in Fig. 13. As shown, high« can reduce the
ratio Es /Ea significantly as expected. Ther /Q plots are
given in Fig. 14. If the dielectric constant is chosen betwe
4 and 6 for the given geometric parameters,r /Q can be
maintained at relatively high constant value.

IV. CONCLUSION

The analysis of hybrid dielectric loaded periodic acc
erating structures shows that the peak surface electric
can be reduced to levels comparable to the axial accelera
field gradient. However, this scheme also reduces the ac
eration efficiency measures such asr and Q, althoughr /Q
can be comparable to conventional iris-loaded structures.
though the numerical examples ofX-band structures are onl
presented here, we expect that this scheme of reducing
of Es to Ea in a conventional iris-loaded structure at a
frequency band can be used by employing partially loa
dielectrics. The fundamental issues about using dielec
loaded structure for particle acceleration, such as dielec
breakdown, Joule heating, and vacuum properties, determ
if hybrid dielectric iris-loaded periodic structures can be t
alternatives for future linear collider acceleration structur
The experimental investigations on these issues are un
way and the advancement in material science also makes
class of structure very promising.
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